Introduction
Cardiac radiofrequency ablation (CA) is a method usually used in the treatment of cardiac arrhythmias. During the operation, catheters are guided into the left atrium and used to create radiofrequency inflammatory lesions in the myocardial tissue in order to interrupt the aberrant electrical signals causing the arrhythmia. 1 Although the technique of CA has improved over the years, the occurrence of the side effect of atrial fibrillation after CA treatment has remained a serious problem. It is widely accepted that utilization of class I or class III antiarrhythmic drugs after CA operation could decrease the incidence of atrial fibrillation. Among these antiarrhythmic drugs, amiodarone hydrochloride (ADHC) is widely used to enhance the efficiency and reduce the side effects in CA operation for patients with cardiac arrhythmia. ADHC is a highly effective drug in the treatment of various supraventricular and ventricular arrhythmias. 2 Nevertheless, side effects of ADHC have been observed due to its long half-life and the nonspecific accumulation in several nontarget tissues, especially in the thyroid. Its preferred accumulation in thyroid may lead to hypothyroidism or hyperthyroidism. 3 It has been reported that ADHC might precipitate out upon dilution, which may enhance the risk of blood vessel occlusion after intravenous injections. 4 Other side effects include cardiac toxicity, pulmonary toxicity, and liver dysfunction, which might also occur after long-term administration. 5 In addition, high doses of ADHC administration could cause hypotension and noncardiac death. 6 These drawbacks have greatly impeded long-term administration of ADHC. Therefore, novel delivery systems are greatly demanded for ADHC to enhance its therapeutic antiarrhythmic effects while reducing the severe side effects associated with it.
Liposomes have been widely used in construction of drug delivery systems. They are biodegradable and less toxic. [7] [8] [9] Typical liposomes are nanoscale spheres surrounded by lipid bilayers. The unique structure enables them to incorporate hydrophobic molecules such as ADHC within lipid bilayer walls. 6, 10 Liposomal formulations are adjustable to improve drug solubility and stability, enhance their bioavailability, modify tissue distribution profiles of drugs, and target specific organs in cancer or inflammatory diseases. [11] [12] [13] Takahama et al 6 investigated the effects of liposomal amiodarone on lethal arrhythmias and hemodynamic parameters in an ischemia/reperfusion rat model. They discovered that the liposomal amiodarone targeting ischemic/reperfused myocardium could reduce the mortality due to lethal arrhythmia and the negative hemodynamic changes caused by amiodarone. Besides, more beneficial effects have been reported by other research groups, including enhanced cellular permeability of inflammatory lesions and disrupted vascular endothelial integrity. 14, 15 All groups suggested that liposomes might be a promising heart-targeting drug delivery system for post-CA treatment. In this study, we prepared ADHC-loaded liposomes (ADHC-L) by thin-film method combined with ultrasonication and extrusion. The physicochemical characteristics of the nanoparticles, such as particle size, size distribution, and encapsulation efficiency (EE), were determined. The preparation processes were optimized by Box-Behnken design with EE as the determination index. The pharmacokinetic parameters of ADHC-L were investigated in rats. The tissue distribution of ADHC-L and fluorescence imaging of the heart after CA were also studied ex vivo. Preparation of aDhc-l ADHC-L was prepared by a modified procedure of film hydration method with sonication and extrusion to obtain small and uniform liposomes. PC, cholesterol, and ADHC were dissolved in 20 mL chloroform and poured into a round bottom flask. The solution was evaporated to dryness in a 60°C water bath by reduced pressure rotary evaporation. The formed dried film was then hydrated with deionized water. Small unilamellar liposomes were generated by sonication. Crude suspension was filtered through 0.45 μm Millipore membrane filters to remove the free ADHC crystals.
Materials and methods

Physicochemical and morphological characterization of aDhc-l
The particle size and surface zeta potential of the liposomes were analyzed by dynamic light scattering (NanoZS4700 nanoseries; Malvern Instruments, Malvern, UK). The samples were diluted with deionized water prior to determination. Mean size and polydispersity index were obtained from 70 times measurements. The morphology of ADHC-L was studied by transmission electron microscope (JASCO, Tokyo, Japan), and the samples were negatively stained with 1% phosphotungstic acid.
ee determination
Concentration of the encapsulated ADHC was measured by HPLC (1260 series; Agilent Technologies, Santa Clara, CA, USA) analysis on a Platisil ODS-C18 column (4.6×250 mm, 5 μm; Dikma, Beijing, People's Republic of China). ADHC-L was diluted in methanol before measurement. The mobile phase consisted of 2% triethylamine solution (adjusted to pH 4.0 with phosphoric acid):methanol (13:87, v/v), which was delivered at an isocratic flow rate of 1.2 mL/min at 40°C. Ultraviolet light at 242 nm was used Optimization of aDhc-l preparation conditions by Box-Behnken design Box-Behnken design was employed to optimize the preparation process of liposomes. 16 Three parameters (the weight ratio of PC to cholesterol, A; the weight ratio of PC to ADHC, B; ultrasonic time, C) which had significant effects on EE were selected, and EE was selected as the determination index. Three levels were chosen for each factor. These three factors at three levels were as follows: the weight ratio of PC to cholesterol (2:1, 6:1, and 10:1), the weight ratio of PC to ADHC (10:1, 30:1, and 50:1), and ultrasonic time (10, 20 , and 30 minutes). A design matrix comprising 15 experimental runs was constructed. The nonlinear computergenerated quadratic model is given as Equation 2:
in which Y was the determination value of index, b 0 was the intercept, b 1 -b 33 were regression coefficients, and A, B, and C were the factors investigated. The relationship between each factor and the index was fitted using data processing software Design-Expert trial Version 8.05 (Stat-Ease Inc., Minneapolis, MN, USA), and the following regression coefficients and constants were calculated. In addition, accuracy of the regression formula obtained was evaluated by fitness and correlation coefficient. Response surfaces which exhibited the relationship between each factor and the index were drawn according to the fitting equation. Finally, we selected the optimization formula from response surface drawing to prepare ADHC-L. In addition, verification experiments were carried out according to the optimization formula, and EE was tested in order to see whether the experimental results were consistent with the model.
Pharmacokinetics of aDhc-l
For all in vivo experiments, male Sprague Dawley rats (270-300 g body weight) purchased from Nanjing Cavens Biotechnology Co. Ltd. were used. All animal experiments were carried out in accordance with the guidelines evaluated and approved by the ethics committee of East China University of Science and Technology. Animals were given unlimited access to food and water and were kept in a 12 hour light-dark cycle. A total of 12 rats were randomly divided into three groups: group A, free ADHC (3 mg/kg); group B, free ADHC (9 mg/kg); and group C, ADHC-L (3 mg ADHC/kg). The free ADHC and the ADHC-L were diluted in physiological saline up to 0.45 mL and immediately injected into the tail veins of rats. At 3, 10, 30, 60, 120, 240, 480, 720 and 1,440 minutes following intravenous injection, a blood sample (0.5 mL) was collected from the veins of fundus oculi. The samples were centrifuged at 8,000 rpm for 10 minutes to obtain plasma (0.1 mL). The plasma sample was mixed with 20 μL of an internal standard solution of 100 μg/mL durabolin. Then, 1.5 mL of acetonitrile was added to the plasma and mixed for 5 minutes. The mixture was centrifuged at 11,000 rpm for 5 minutes and the supernatant was transferred and dried under nitrogen.
The concentration of ADHC in the blood plasma was assessed by HPLC. The dried residue was mixed with 0.4 mL of methanol, and then 20 μL of the sample was injected into the chromatograph. The mobile phase was 2% triethylamine solution (adjusted to pH 4.0 with phosphoric acid):methanol (18:82, v/v), which was delivered at an isocratic flow rate of 1.0 mL/min at 40°C. A reversed-phase Platisil ODS-C18 column (4.6×250 mm, 5 μm; Dikma) was employed. Ultraviolet light at 242 nm was used for detection. The retention time of ADHC and durabolin was 8.4 and 9.2 minutes, respectively. Concentration data were dose-normalized and plotted as drug concentration-time curves in blood plasma. The area under the concentration-time curve (AUC) was calculated by the trapezoidal rule.
Biodistribution of aDhc-l after ca
A total of 16 rats were randomly divided into four groups: group A, intravenous administration of free ADHC (3 mg/kg) after CA; group B, intravenous administration of ADHC-L (3 mg ADHC/kg) after CA; group C, intravenous administration of free ADHC (3 mg/kg) after thoracotomy without CA, which is also called sham-operated (SO) group; and group D, intravenous administration of ADHC-L (3 mg ADHC/kg) after SO. The free ADHC and the ADHC-L were diluted in physiological saline up to 0.45 mL. After basal anesthesia by intraperitoneal injection of urethane, the rats were intubated and the artificial respiration was applied to keep rats breathing.
A left thoracotomy was conducted in the fourth intercostal space of the rats to expose the heart. A clamp which was utilized to suspend the heart was also used as an indifferent electrode. Four radiofrequency lesions in a line per rat were then performed on the free wall of the left ventricle with a customized catheter which had an electrode located at its tip ( Figure 1A ). Unipolar radiofrequency current with constant 12 W power for 15 seconds was created using a commercially available conventional radiofrequency generator (IBI-1500T8, Irvine Biomedical, Irvine, CA, USA). During each application, impedance was monitored. After the ablation, the white and circular lesions with defined margins were easily seen by visual inspection ( Figure 1B) . Then, the heart was immediately returned back to the thorax, and suture was used to close the chest. 17, 18 At 20 minutes following intravenous injection, the rats were killed. The principal organ samples (including heart, liver, spleen, lung, and kidney) were harvested, weighed, minced, and extracted in absolute methanol. The concentration of ADHC in the organ samples was assessed by HPLC described in previous section. Concentration data were dosenormalized. The results of biodistribution were expressed as the amount of ADHC uptake per gram of organ (μg/g).
Fluorescence imaging of the heart after ca
Fluorescence imaging of the heart was used to evaluate the heart-targeting ability of the prepared liposomes after CA. Fluorescence-labeled liposomes were prepared using IR-775, a near-infrared fluorescent dye (λ excitation (em) =770 nm and λ emmision (em) =830 nm) with a low aqueous solubility (5.25 μg/mL, 25°C), as the model drug. PC (405.0 mg), cholesterol (54.7 mg), ADHC (10.0 mg), and IR-775 (2.0 mg) were dissolved in 10 mL chloroform and poured into a round bottom flask. The solution was evaporated to dryness in a 60°C water bath by reduced pressure rotary evaporation. The formed dried film was then hydrated with deionized water. Small unilamellar liposomes were generated by sonication for 30 minutes. Crude suspension was filtered through 0.45 μm Millipore membrane filters to remove the free IR-775 crystals.
Rats were randomly divided into three groups: group A, intravenous administration of IR-775 loaded liposomes after SO; group B, intravenous administration of IR-775 loaded liposomes after CA; and group C, intravenous administration of physiological saline after CA. The CA was conducted as described above. At 20 minutes following intravenous injection, the rats were killed. The hearts were harvested, rinsed with phosphate-buffered saline, and the fluorescent images as well as the X-ray images were taken using the Kodak In-vivo Multispectral Imaging system (Kodak, NY, USA).
statistical analysis
Multiple group comparison was conducted by one-way analysis of variance with least significant difference using statistical software (SPSS Inc., Chicago, IL, USA). All data are presented as a mean value with standard deviation indicated (mean ± standard deviation). P-values ,0.05 were considered to be statistically significant.
Results and discussion
Optimization of aDhc-l preparation conditions by Box-Behnken design
Response surface methodology (RSM) is a combined mathematical and statistical technique which is useful for planning experiments, determining complex quantitative relationships between parameters and their responses, and identifying response optimizing factor combination. 19, 20 The main advantage of RSM is to reduce the required experimental times, which could be less than would be needed in a full factorial design. It has already been widely applied to optimize formulation design in pharmaceutical studies. 21 Box-Behnken design is one of the commonly used RSM designs. When the number of factors is three, the experimental time could be reduced to the minimum. 22 It is widely acknowledged as one of the best statistical and analytical models. 23 According to Box-Behnken designs, 15 preparation conditions and results are listed in Table 1 . Analysis of variance for the experimental results and quadratic model are shown in Table 2 , in which the small P-value for the model (,0.05) implied the model was significant. It indicated that the equation for EE was right and this method was reliable. The P-value for the "lack-of-fit" test was 0.5226 (.0.05), indicating that the quadratic model was adequate. The regression equation is as follows:
The above regression equation quantitatively describes the effects of three independent variables on the index and their correlation. The adjusted R 2 for the predictive model was 0.7648, and the "Adeq Precision" of 7.534 revealed that the experimental results adequately fitted the equation selected.
To understand the predicted model better, threedimensional graphs were mapped by plotting the response versus two of the factors, while the third factor was fixed at its central level ( Figure 2 ). As shown in Figure 2A , with increase in the weight ratio of PC to cholesterol, EE showed an initial increasing and later decreasing curve. Similar trend was observed as the weight ratio of PC to ADHC increased. Figure 2B demonstrates that with an increase in the weight ratio of PC to cholesterol, EE ascended at first and descended at last, just as shown in Figure 2A , while EE slowly increased as the ultrasonic time rose. Finally, Figure 2C also shows EE experienced a convex curvature with an increasing weight ratio of PC to ADHC. It can be predicted that with an increase in the weight ratio of PC to cholesterol, there is more space in the lipid bilayer to encapsulate ADHC; however, when the weight ratio increased to a certain value, the liquidity of lipid bilayer increased, causing instability of liposomes.
The optimum formulation was selected based on the criteria of obtaining the maximum value of EE. On the basis of the regression equation and the response surface models, the optimum formulation of liposomes was defined: the weight ratio of PC to cholesterol was 7.43, the weight ratio of PC to ADHC was 40.48, and the ultrasonic time was 30 minutes. Under this condition, the predictive maximum EE value was 96.75% and the actually measured value was 99.49%±13.31%. It could be seen that the actually measured value was quite close to the predictive value.
Physicochemical and morphological characterization of aDhc-l
Particle size and zeta potential are the two most important parameters in liposome quality evaluation. In this study, we demonstrated that liposomal amiodarone was successfully 
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Zhuge et al prepared using the film hydration method with sonication and extrusion. Under the optimum conditions, we obtained stabilized liposomes with a diameter of 99.90±0.36 nm, a polydispersity index of 0.22±0.01, and a zeta potential of 35.07±10.86 mV, which were suitable for intravenous injection.
The morphology of ADHC-L was studied by transmission electron microscopy and the result is shown in Figure 3 . All the liposomes were well-dispersed spherical particles with integrated bilayers.
Pharmacokinetics of aDhc-l
The blood plasma level of ADHC concentration was determined at various time points after intravenous injection of a single dose of free ADHC (3 or 9 mg/kg) and ADHC-L (3 mg ADHC/kg). At the indicated time point, blood plasma level of ADHC was determined using HPLC.
As shown in Figure 4 , the maximum plasma concentration of ADHC after the intravenous administration of free ADHC (3 or 9 mg/kg) and ADHC-L was reached at 3 minutes postinjection, and then a biphasic profile with a rapid initial 
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liposomal cardiomyocyte-targeting ability in ca drug elimination phase, followed by a slower elimination phase was observed. The rapid initial elimination phase was likely due to the reversible distribution between the central compartment and the peripheral compartments. Subsequently, a slower and irreversible elimination phase from the central compartment occurred by hepatic biotransformation or by renal excretion. The rapid initial elimination phase for 3 mg/kg free ADHC treatment was 10 minutes, while that for 9 mg/kg free ADHC treatment increased to 60 minutes. For ADHC-L treatment, the relative rapid elimination phase further increased to 240 minutes. In the extended postinjection period up to 24 hours, the ADHC plasma concentration in the rats treated with ADHC-L was 3.8-fold and 2.5-fold higher than that in the rats treated with 3 mg/kg free ADHC and 9 mg/kg free ADHC, respectively.
The pharmacokinetic parameters of free ADHC (3 or 9 mg/kg) and ADHC-L in rats after intravenous administration are shown in Table 3 . The parameters like t 1/2β and mean residence time (MRT) of 3 mg/kg free ADHC and 9 mg/kg free ADHC treatment almost had no significant difference. Compared with 3 mg/kg free ADHC treatment, the AUC 0-24 h (the area under the plasma drug concentration-time curve over a period of 24 hours) of 9 mg/kg free ADHC treatment increased by 2.6-fold due to the increment of administration dose. However, ADHC-L treatment showed a drastic increase in the half-life of the elimination phase t 1/2β (195.44 hours) compared with free ADHC administered at the same dose (28.71 hours), while the clearance rate of 3 mg/kg free ADHC treatment (0.07 L/h/kg) and 9 mg/kg free ADHC treatment (0.13 L/h/kg) was 3.5-fold and 6.0-fold that of ADHC-L treatment (0.02 L/h/kg), respectively. This suggests that the clearance rate of ADHC in the blood plasma decreased significantly when ADHC was incorporated into liposomes. Moreover, ADHC-L treatment showed a 5.1-fold increase in AUC 0-24 h and an 8.5-fold increase in MRT compared with 3 mg/kg free ADHC treatment, suggesting that ADHC-L caused the drug payload to be released in a more stable and sustained manner. The significant decrease in V ss of ADHC-L treatment also demonstrates that a higher concentration of ADHC was retained in the blood, compared with that of free ADHC treatment. To sum up, when ADHC was incorporated into liposomes, both solubility and stability of ADHC improved. The liposomes could not only prevent ADHC from binding to plasma protein and increased the drug circulation time, particularly in the blood, but also significantly reduce the required ADHC dosage in treatment and, hence, decrease the dose-dependent toxicity.
Biodistribution of aDhc-l after ca
To examine the biodistribution of ADHC-L and free ADHC after CA or SO, each formulation at a dose of 3 mg ADHC/kg was injected through the tail veins after the operation and the concentration of ADHC in principal organs was measured 20 minutes postinjection.
At 20 minutes postinjection ( Figure 5 ), the heart uptake of ADHC was in the following order: ADHC-L CA . ADHC CA = ADHC-L SO . ADHC SO. ADHC-L CA treatment increased the heart uptake by fourfold compared with ADHC CA treatment. In addition, the concentration of ADHC in the heart of ADHC-L SO treatment was 1.8 times higher than that of ADHC SO treatment, suggesting that the liposome-based ADHC delivery could slightly increase drug targeting to the heart. However, the ADHC concentration in the heart of ADHC-L CA treatment was 4.1 times higher than that of ADHC-L SO treatment, indicating that the enhanced heart-targeting ability of ADHC-L was closely associated with CA, likely caused by the enhanced vascular leakage in the heart tissues with inflammatory lesions after CA treatment. It is known that CA could cause inflammatory lesions in the heart which are characterized by enhanced vascular leakiness. The "enhanced permeability and retention" effect will lead to selective accumulation of liposomes in tissues with inflammatory lesions compared with healthy tissues. 24 Moreover, ADHC concentrations in the liver and spleen of ADHC-L CA and ADHC-L SO treatment increased significantly compared with those of free ADHC treatment, likely due to the favored passive targeting of liposomes to these mononuclear macrophage-rich organs. In contrast, the ADHC concentrations decreased in lung and kidney after ADHC-L CA and ADHC-L SO treatment. The latter phenomenon indicates that administration of ADHC-L could reduce the toxicity of ADHC.
Fluorescence imaging of the heart after ca
Fluorescence imaging of the heart was used to evaluate the heart-targeting ability of the prepared liposomes after CA. The fluorescence-labeled liposomes were injected intravenously after CA or SO. Twenty minutes postinjection, the fluorescence imaging of rats' heart were detected by the Kodak In-vivo Multi-spectral Imaging system.
As could be seen from Figure 6 , the fluorescent signal of IR-775 after CA treatment was much stronger than that of SO treatment. The result further proved that the hearttargeting ability of ADHC-L was mainly associated with the CA.
Conclusion
In this study, a novel ADHC-L formulation with potential cardiomyocyte-targeting properties was successfully developed and its potential usage for heart-targeting after CA was investigated ex vivo. ADHC-L was prepared by modified thin-film method combined with ultrasonication and extrusion, and the preparation process was further optimized by Box-Behnken design. The optimum formulation led to liposomes suitable for intravenous injection with a well-dispersed spherical shape, high colloidal stability, and high EE. In addition, pharmacokinetic studies revealed that ADHC-L treatment showed a 5.1-fold increase in AUC 0-24 h and an 8.5-fold increase in MRT compared with free ADHC treatment, suggesting that ADHC-L could facilitate drug release in a more stable and sustained manner while increasing the circulation time of ADHC, especially in the blood. Moreover, biodistribution studies of ADHC-L demonstrated that ADHC concentration in heart was 4.1 times higher after ADHC-L CA treatment compared with ADHC-L SO treatment at 20 minutes postinjection. Fluorescence imaging studies further proved that the heart-targeting ability of ADHC-L was mainly due to the CA. These results strongly support that ADHC-L could be explored as a potential heart-targeting drug delivery system with enhanced bioavailability and reduced side effects for arrhythmia treatment after CA.
